Abstract: A new method to control the motion of nanotube-based nanoelectromechanical systems is proposed. Namely, the chemical adsorption of atoms and molecules on the open edges of the single-walled carbon nanotube leads to the appearance of electric dipole moment. In this case the nanotube can be actuated by a nonuniform electric field. Electric dipole moments of the carbon nanotubes with functionalized edges are calculated. Possibility of the method proposed is shown on example of the gigahertz oscillator. The parameters of the system and control force which allow obtaining the stationary operation with constant frequency are determined.
The ability of free relative sliding of the walls of carbon nanotubes allows using these walls as movable elements in nanoelectromechanical systems (NEMS). Recently a set of NEMS based on relative sliding of the walls of nanotubes has been suggested (1) (2) (3) . The crucial issue in nanotechnology is driving the motion of NEMS components in a controllable way. Several methods to control relative sliding of nanotube walls were proposed recently: 1) by a magnetic field interacting with a moving wall (4);
2) by an electric field in the case where ions are encapsulated inside a movable wall (5); and 3) by pressure of heated gas which is encapsulated between the walls (6).
Here we propose new method to control the motion of a nanotube wall. Namely the electric dipole can be produced by chemical adsorption of donors and acceptors on the open edges of the wall. The motion of such functionalized wall can be actuated by a nonuniform electric field. The possibility of the method proposed is shown by the example of operation of gigahertz oscillator based on a double-walled carbon nanotube (DWNT).
Semi-empirical molecular orbital method with PM3 parametrization of Hamiltonian (7) 229 C?m. The scheme, operational principles and theory of gigahertz oscillator based on relative sliding of nanotube walls had been considered (3). It was shown that such oscillator has no characteristic frequency, and its frequency is the function of oscillation amplitude (3). The simulations show that the oscillations dissipate with Q-factor being Q , 100-1000 and the frequency increases with time (8) . Therefore, to maintain constant frequency of the oscillator it is necessary to compensate the energy dissipation by the work of an external force.
We considered the possibility to compensate the energy dissipation by applying to the functionalized movable wall the external force F(t) 5 F 0 cosvt produced by the non-uniform electric field, where v is the desirable frequency of oscillator. The condition that the energy dissipation is exactly compensated by the work of the external control force F(t) provided the frequencies of gigahertz oscillator and control force are equal gives the minimum necessary amplitude F 0 min of this force (9)
where s is the length of maximum telescopic extension during the oscillation, m is the mass of the inner movable wall and t in is the time when the inner wall moves inside the outer one without telescopic extension. The detailed analysis shows that the critical amplitude F 0 min of the external control force is minimal in the case where lengths of inner and outer walls are equal. In this case the relationship for the gigahertz oscillator frequency (3) takes the form v5(p/2)(F W /2ms) 1/2 , t in 50 and equation (1) The amplitude F 0 min of the external control force was estimated for (5,5)@(10,10) DWNT-based gigahertz oscillator with the both walls 3.15 nm in length. The functionalized (5,5) single-walled nanotubes with electric dipole moments d A and d B calculated above for the cases A and B were taken as movable inner wall of the oscillator. According to ab initio calculations van der Waals force for this DWNT F W 5625 pN (10) . For this value of F W and Q-factor Q 5 1000 we obtained F 0 min 5 0.193 pN. We have estimated the voltage necessary to produce the nonuniform electric field which can act on the functionalized walls A and B with such force and therefore control their motion and provide the oscillator frequency maintenance. We considered the gigahertz oscillator placed in the middle between armatures of a cylindrical capacitor with the radii of the inner and outer armatures R 1 5 60 nm and R 2 5 70 nm. The necessary voltage amplitudes U 0 5 1.70 V and 2.77 V for the cases A and B of functionalized wall, respectively, were obtained.
To study the operation modes of gigahertz oscillator the motion equation of oscillator _ _ xzc _ x xzasign x ð Þ~b cos vt ð Þ with the friction force F f 52cV was solved semianalytically. Here c 5 3(F W /2sm) 1/2 (8Q) 21 is friction coefficient, a 5 F W /m, b 5 F 0 /m. If the amplitude of control force is less than the critical value F 0 min 5 p 2 F W /32Q the oscillations are damped. In the case where the amplitude of the control force is greater than the critical value the possibility of the obtaining of stationary operation mode with constant frequency is determined by the initial conditions of the control force switching on: the initial phase shift DQ between the control force and the relative velocity of the walls, and the initial ratio v/v 0 between the control force frequency and the oscillator frequency. Note that the oscillator has no characteristic frequency; therefore, the oscillations should be started by pulse force and only after the start of oscillations the harmonic control force switching on takes place. Figure 2 represents the typical view of the parametric resonance region, that is, the region of the parameters DQ and v/v 0 for which the stationary operation mode occurs after a while since switching of the control force, in the case of small value of control force amplitude (F 0 52F 0 min ). For large value of the control force amplitude (F 0 510-100F 0 min ) this region is large and the possibility of the obtaining of stationary operation mode almost does not depend on the time moment of the control force switching on. Provided the initial phase shift DQ and the initial ratio v/v 0 belong to the parametric resonance region the stationary operation mode establishes during tens of nanoseconds (see Figure 1) . At the stationary operation mode the frequency, amplitude and NEMS Based on Carbon Nanotube 377
